Background: Current guidelines recommend hydroxyurea (HU) as frontline therapy for patients with high-risk essential thrombocythemia (ET) to prevent thrombosis. However, little is known about the impact of HU on thrombosis or survival among these patients in the real-world setting. Patients and Methods: A retrospective cohort study was conducted of older adults (aged $66 years) diagnosed with ET from 2007 through 2013 using the linked SEERMedicare database. Multivariable Cox proportional hazards regression models were used to assess the effect of HU on overall survival, and multivariable competing risk models were used to assess the effect of HU on the occurrence of thrombotic events. Results: Of 1,010 patients, 745 (73.8%) received HU. Treatment with HU was associated with a significantly lower risk of death (hazard ratio [HR], 0.52; 95% CI, 0.43-0.64; P,.01). Every 10% increase in HU proportion of days covered was associated with a 12% decreased risk of death (HR, 0.88; 95% CI, 0.86-0.91; P,.01). Compared with nonusers, HU users also had a significantly lower risk of thrombotic events (HR, 0.51; 95% CI, 0.41-0.64; P,.01). Conclusions: Although underused in our study population, HU was associated with a reduced incidence of thrombotic events and improved overall survival in older patients with ET.
Background
Essential thrombocythemia (ET) is a clonal myeloproliferative neoplasm (MPN) characterized by persistently elevated platelet counts. The median age at diagnosis is 68 years 1 and median survival is 19.8 years, which is inferior to that of the age-and sex-matched US population. 2 Patients with ET are at .20% risk for thrombotic complications. 3, 4 Thus, a major goal of ET treatment is thrombosis prevention. Patients are categorized into high-and low-risk groups based on the presence of advanced age (.60 years) or thrombosis history. 5 Both NCCN and the European LeukemiaNet (ELN) guidelines recommend cytoreductive therapy with hydroxyurea (HU) as frontline therapy for patients with high-risk ET. 6, 7 HU is an oral chemotherapeutic agent that inhibits ribonucleotide reductase and interferes with the process of DNA synthesis and repair. 8 Three randomized trials have evaluated the effect of HU among patients with high-risk ET. [9] [10] [11] The Bergamo study found HU therapy to be superior in lowering platelet counts and reducing thrombotic complications compared with no cytoreductive therapy. 9 In the UK-PT1 study, HU was superior to anagrelide, a selective platelet-lowering agent, in reducing arterial thrombosis, major bleeding, and fibrotic progression. However, it showed that anagrelide was superior in preventing venous thrombosis. 10 The more recent ANAHYDRET study enrolled patients with high-risk ET using the WHO-defined diagnostic criteria and reported that HU and anagrelide were similar in the prevention of thrombotic end points. 11 Current guidelines recommend anagrelide (if not previously used as initial therapy) as a second-line treatment for patients refractory to or intolerant of HU. 6, 7 To date, the impact of HU on thrombosis and survival among patients with high-risk ET has rarely been evaluated outside of clinical trials, and some experts have expressed concern about the safety and efficacy of HU in the real-world setting. 12 To address these knowledge gaps, a large, population-based, nationally representative cohort study was conducted to assess the impact of HU on survival and thrombosis risk among older patients with ET.
Patients and Methods

Data Source
The linked SEER-Medicare database, developed by the NCI and the Centers for Medicare & Medicaid Services, links patient-level information on incident cancer diagnoses from SEER registries to a master file of Medicare enrollment and claims for inpatient, outpatient, physician services, and prescription drugs. 13 The SEER registries are nationally representative and account for approximately 28% of the US population.
14 ET has been reported to SEER registries since 2001, providing a unique opportunity to access a representative sample of patients with ET. Because most patients with ET are diagnosed after 65 years of age, a large number of patients with ET were able to be ascertained using the SEER-Medicare database. 15, 16 The Yale Human Investigation Committee determined that this study did not directly involve human subjects.
Patient Cohort
We identified patients who were diagnosed with ET (ICD-O-3 code: 9962 from SEER records) from 2007 through 2013. To avoid curtailing the observation time caused by reporting delay from SEER, 17 we searched Medicare claims within 1 year before the SEER-reported date of ET diagnosis. If a patient had an ICD-9 code indicative of ET (238.71) from 1 inpatient claim or at least 2 outpatient claims, which were .30 days apart, the date of the earliest ET claim, instead of the SEER-reported date of diagnosis, was used as the diagnosis date. All patients were required to: (1) be aged 66 (because of the need to obtain Medicare claims for 1 year before diagnosis to calculate comorbidity scores and other covariates) to 99 years (to avoid potential changes in the pattern of care for those aged $100 years 18, 19 ) at diagnosis; (2) have known month of diagnosis; (3) not be reported from autopsy or death certificate only; (4) have continuous enrollment in Medicare Parts A and B from 1 year before diagnosis to the end of follow-up; (5) have continuous Part D coverage from diagnosis to the end of follow-up; and (6) have survived at least 30 days after ET diagnosis. All patients were followed to death or end of study (December 31, 2014), whichever occurred first.
HU Use
HU use after ET diagnosis was assessed by searching Medicare Part D claims from diagnosis through the end of follow-up. In addition, HU use was measured by calculating the proportion of days covered (PDC) by HU prescriptions from ET diagnosis through the end of follow-up; PDC is commonly used to describe patients' adherence to medications. 20 In our analysis, a patient who never received HU would have a PDC of 0%, and a patient who had taken HU every day from ET diagnosis through the end of follow-up would have a PDC of 100%. Figure 1 . Construction of the study cohort.
Abbreviation: ET, essential thrombocytopenia.
Outcomes
We were interested in both overall survival and the first occurrence of thrombotic events after ET diagnosis, including venous thrombosis (deep vein thrombosis, pulmonary embolism, superficial thrombophlebitis), arterial thrombosis (stroke, transient ischemic attack, angina, acute myocardial infarction/acute coronary syndrome, arterial embolism, peripheral arterial thrombosis), and sudden death. We identified these thrombotic events by adapting a previously used claims-based algorithm 21 (see supplemental eAppendix 1, available with this article at JNCCN.org).
Other Variables of Interest
We obtained information on the following sociodemographic characteristics: age at diagnosis, sex, race, and Medicare Part D low-income subsidy, a marker for reduced out-of-pocket cost sharing and lower socioeconomic status.
Receipt of influenza vaccination in the 12 months before ET diagnosis was included in our multivariable analysis as an indicator of access to the healthcare system, 21 because this may influence treatments or outcomes. Because performance status is an important factor in clinical decision-making, each patient's disability status 22 was evaluated as a proxy of poor performance status before diagnosis. To assess comorbidity, we searched for ICD-9 diagnosis codes in the 12 months before ET diagnosis that appeared on any inpatient claims or at least 2 outpatient claims .30 days apart, 23 and then developed a modified Elixhauser score by removing prior thrombosis from the original Elixhauser score. Prior thrombosis within the 12 months before ET diagnosis was ascertained by adapting the algorithm developed by Gupta et al 21 (supplemental eAppendix 1). With the modified Elixhauser score and the history of thrombosis, all comorbidities were captured. Use of cytoreductive agents other than HU, including anagrelide, interferons, busulfan, and ruxolitinib, was also ascertained by searching Medicare Parts B and D claims from diagnosis through end of follow-up.
Statistical Analysis
Categorical variables were presented using frequencies and percentages, and continuous variables were summarized by median and interquartile range (IQR). Consistent with the SEER-Medicare requirement to preserve confidentiality, all categories with #10 patients were reported as ,11. Characteristics of patients who fulfilled the eligibility criteria and were included in the study were compared with those who were excluded from the study using chi-square tests for categorical variables (eg, race) and t tests for continuous variables (eg, age).
For patients included in the study, baseline characteristics of the patients by HU use were compared using chi-square test for categorical variables and t test for continuous variables. Kaplan-Meier curves and logrank tests were used to compare overall survival and the incidence of thrombotic events between patient groups. For both outcomes, patients were followed from the date of diagnosis to the relevant end point or end of the study period (December 31, 2014), whichever came first.
Multivariable Cox proportional hazards regression models were used to examine the effect of HU/HU PDC on survival. Multivariable competing risk regression models were used to examine the effect of HU/HU PDC on thrombosis after diagnosis, with death as the competing risk. The assumption of proportional hazard ratios (HRs) was checked using Schoenfeld residuals test. 24 All multivariable models included age at diagnosis, sex, race, disability status, low-income subsidy, receipt of influenza vaccination in the 12 months before diagnosis, modified Elixhauser comorbidity score, prior thrombosis, and anagrelide use as covariates.
For sensitivity analyses, the analysis with thrombosis as the outcome was performed by excluding patients who had experienced thrombotic events within 30 days of ET diagnosis to avoid detection bias at time of diagnosis. 4 All patients who ever received any cytoreductive agents other than HU were also excluded to better evaluate the independent impact of HU on clinical outcomes. Patients who had prior thrombosis were also excluded as a sensitivity analysis.
All analyses were conducted using SAS 9.4 (SAS Institute Inc.) with 2-sided tests, and a type I error of 5% as the threshold for statistical significance.
Results
Patient Characteristics
A total of 1,010 patients with ET were included in the study (Figure 1) . No statistically significant differences were observed between the 1,010 patients who were included in the study and the 2,464 patients who were excluded, in terms of age, sex, and race.
Among 1,010 patients, the median age was 79 years (IQR, 73-84 years), most were female (67.8%) and white (86.4%), and median follow-up was 2.83 years (IQR, 1.58-4.60 years) ( Table 1) .
When we assessed receipt of cytoreductive treatments regardless of the number of claims, we found that 73.8% (n5745) and 15.6% (n5158) of all patients received HU and anagrelide, respectively (Figure 2 ). Other cytoreductive agents, including interferons (n,11), busulfan (n,11), and ruxolitinib (n511), were used infrequently and were not further evaluated. Of all patients in our cohort, 22.5% (n5227) did not receive any of the cytoreductive agents mentioned. 
Overall Survival
At the end of follow-up, 36.2% (n5270) of HU users and 60.4% (n5160) of nonusers died. Median survival was 5.85 and 2.80 years for HU users and nonusers, respectively (log-rank test, P,.01; Figure 3 ). In the multivariable Cox proportional hazards analysis, treatment with HU after diagnosis was associated with a significantly lower risk of death (HR, 0.52; 95% CI, 0.43-0.64; P,.01). Every 10% increase in HU PDC was associated with a 12% decreased risk of death (HR, 0.88; 95% CI, 0.86-0.91; P,.01). Factors associated with inferior survival included advanced age, male sex, presence of comorbidities, poor disability status, and receipt of low-income subsidy. Anagrelide use did not seem to be a significant predictor of survival (Table 2) .
Thrombosis After Diagnosis
A total of 357 patients (35.3%) developed thrombotic events after diagnosis, including 273 arterial thromboses and 84 venous thromboses and sudden deaths (sudden death ,11). Thrombotic events occurred in 29.2% (n5198) of HU users and 47.7% (n5159) of HU nonusers. Median time to develop thrombosis was significantly longer among HU users (not computable) compared with nonusers (2.39 years; log-rank test, P,.01; Figure 4 ). The multivariable competing risk model showed that, compared with nonusers, HU users had a significantly lower risk of developing thrombotic events (HR, 0.51; 95% CI, 0.41-0.64; P,.01; Table 3 ). Every 10% increase in HU PDC was not significantly associated with lower risk of thrombosis (HR, 0.99; 95% CI, 0.96-1.02; P5.36). Factors associated with higher risk of thrombosis included advanced age and receipt of low-income subsidy. Anagrelide use was not significantly associated with risk of thrombosis in the model.
Sensitivity Analyses
To better evaluate the independent impact of HU on clinical outcomes, we conducted sensitivity analyses by excluding patients who received any cytoreductive treatments other than HU (ie, anagrelide, interferon, busulfan, ruxolitinib) any time between ET diagnosis and the occurrence of death or thrombotic events. The number of patients who remained after these exclusions was 841 and 850 for the analysis of overall survival and thrombosis, respectively. Results from the analyses with these smaller cohort sizes were essentially the same as those observed with the original cohort of 1,010 patients (detailed data not shown). Additionally, excluding patients who experienced thrombosis within 30 days of ET diagnosis (941 patients remaining) or those who had prior thrombosis (860 patients remaining) did not change our results in any meaningful way (detailed data not shown).
Discussion
In this large, population-based, nationally representative cohort study that reflects contemporary clinical practice in the real-world setting, treatment with HU was associated with improved overall survival in older patients with ET, a finding that, to our knowledge, has not been reported in previous studies. Furthermore, our findings are consistent with results from randomized trials regarding the efficacy of HU in preventing thrombosis, including those of the Bergamo study, which randomized patients with high-risk ET to HU or no cytoreductive treatment. 9 Two other trials that compared the effect of HU versus anagrelide drew different conclusions. 10, 11 The UK-PT1 study concluded that HU was superior to anagrelide, 10 whereas the ANAHYDRET study suggested that the 2 agents were comparable. 11 In our study, anagrelide was prescribed to 15.7% patients, of whom 77.8% were never treated with HU. The relatively small number of patients who received anagrelide limited our ability to directly compare these 2 cytoreductive agents.
The median age of patients with ET included in the UK-PT1 and ANAHYDRET studies 10, 11 was approximately 60 years, which is younger than the median age at diagnosis of 68 years observed at the population level. 1 Because age is a known risk factor of thrombosis, 25 it is important to study the effect of HU in patients with ET in all age groups. From this perspective, our study is particularly informative due to the inclusion of older patients, who account for most patients with ET diagnosed at the population level but who would not have been well represented in clinical trials. In our study, 35% of patients developed thrombotic events after ET diagnosis, which was higher than what was reported by the UK-PT1 10 and ANAHYDRET 11 studies, and likely attributable to the older median age of our cohort of patients.
In our study of patients with ET diagnosed at age $66 years, .22% did not receive any cytoreductive agents, which is the treatment indicated for patients at high risk for thrombosis according to the 2-tiered thrombotic risk score. This scoring system is supported by older ELN guidelines, 5 was used to select patients with high-risk ET for the aforementioned randomized control trials, and continues to be widely adopted in clinical practice. 26 The NCCN Guidelines for MPNs 6 and independent MPN experts 3 favor use of the revised International Prognostic Score of Thrombosis for ET (IPSET-thrombosis), which categorize patients into 4 risk groups based on age .60 years, history of thrombosis, and JAK2 V617F mutation positivity. 27 Cytoreductive therapy is recommended for all patients in the high-risk group (thrombosis history or age .60 years with positive JAK2 mutation) and may be indicated for some patients in the intermediate-risk group (age .60 years, no thrombosis history, and negative JAK2 mutation). Treatment recommendations for each of the aforementioned risk categories were not examined in the context of prospective controlled studies. We estimate that most patients in our cohort belong to the high-risk group based on the revised IPSET-thrombosis system and have indications for cytoreductive therapy, because all of them were aged $66 years, 14.8% had prior thrombosis, and more than half were expected to be JAK2 mutation-positive. We performed additional analyses by excluding patients with prior history of thrombosis, with results still showing improved survival and decreased thrombotic events among HU users, which favors treatment with HU for all patients with ET aged $66 years. Our study has several strengths because it investigated a large, population-based cohort of older patients with ET in the United States. The 3 randomized clinical trials of HU in patients with ET were all conducted in Europe and included younger patients. [9] [10] [11] The nationwide Medicare claims data that we leveraged to conduct this study covered a wide spectrum of health services, regardless of where patients received care, therefore providing comprehensive information on the treatments received by patients. For cytoreductive agents such as HU, we not only had information on use versus nonuse but also could evaluate how many days a patient filled the specific prescription, which allowed us to calculate PDC and investigate a potential dose-response relationship. Furthermore, the linked SEER-Medicare database also enabled us to control for other factors that may influence treatment decisions and risk factors for mortality and thrombotic events after diagnosis. Use of claims data also resulted in some limitations. First, because we relied on Medicare claims to evaluate ET treatments, we were unable to capture agents not covered by Medicare, such as aspirin. Second, we did not have access to any laboratory results, such as platelet and WBC counts, or driver mutation status such as JAK2 V617F, CALR, and MPL mutations. Third, we were unable to assess the impact of therapy on symptoms or the quality of response to HU because this information was not included in the dataset used. Fourth, because use of anagrelide was relatively uncommon in our patient cohort, we did not have the statistical power to compare its effect versus HU. Also, because the development of acute myeloid leukemia (n525; 2.5%), secondary myelofibrosis (n540; 4.0%), or both (n559; 5.8%) was detected in only a small number of patients during the study period, we could not assess the impact of HU on the development of these secondary malignancies. Another limitation is the need to exclude a large number of patients without continuous Medicare coverage and HMO participants, limiting the number of analyzed patients to 1,010 of 3,474 (29%), although the excluded patients were comparable to those who were included in terms of age, sex, and race. Lastly, our study is observational in design and may be subject to possible confounding caused by unobserved factors. Although we controlled for many potential confounders, including sociodemographic characteristics, disability status, and a proxy measure for access to the healthcare system, it is possible that some residual confounding might have remained.
Conclusions
This study confirms the clinical benefits of HU in the management of older patients with ET and highlights the fact that this treatment is underused. A large number of patients continue to have disease-related complications. In addition to better implementation of current guidelines, further basic and translational studies are needed to improve patient outcomes. 
